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Abstract 11 
In this work, batch and dynamic adsorption tests are coupled for an accurate evaluation of CO2 12 
adsorption performance for three different activated carbons obtained from olives stones by 13 
chemical activation followed by physical activation with CO2 at varying times, i.e. 20, 40 and 60 14 
h. Kinetic and thermodynamic CO2 adsorption tests from simulated flue-gas at different 15 
temperature and CO2 pressure are carried out both in batch (a manometric equipment operating 16 
with pure CO2) and dynamic (a lab-scale fixed-bed column operating with CO2/N2 mixture) 17 
conditions. The textural characterization of the activated carbon samples shows a direct 18 
dependence of both micropore and ultramicropore volume on the activation time, hence AC60 19 
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has the higher contribution. The adsorption tests conducted at 273 and 293 K showed that, when 20 
CO2 pressure is lower than 0.3 bar, the lower the activation time the higher CO2 adsorption 21 
capacity and a ranking ωeq(AC20)>ωeq(AC40)>ωeq(AC60) can be exactly defined when T= 293 22 
K. This result can be likely ascribed to a narrower pore size distribution of the AC20 sample, 23 
whose smaller pores are more effective for CO2 capture at higher temperature and lower CO2 24 
pressure, the latter representing operating conditions of major interest for decarbonation of a 25 
flue-gas effluent. Moreover, the experimental results obtained from dynamic tests confirm the 26 
results derived from the batch tests in terms of CO2 adsorption capacity. It is important to 27 
highlight that the adsorption of N2 on the synthesized AC samples can be considered negligible. 28 
Finally, the importance of a proper analysis of characterization data and adsorption experimental 29 
results is highlighted for a correct assessment of CO2 removal performances of activated carbons 30 
at different CO2 pressure and operating temperature. 31 
 32 
Keywords: CO2; adsorption; activated carbon; carbon capture and storage; global warming 33 
 34 
1. Introduction 35 
CO2 is unanimously considered as the primary greenhouse gas emitted through human 36 
activities, responsible for about 60% of increased greenhouse effect and climate change1,2. The 37 
combustion of fossil fuels for the generation of heat and power energy is the main CO2 emission 38 
source. Although many efforts are currently devoted to develop new and cleaner technologies, 39 
such as chemical looping combustion, new gasification technologies for power plants and 40 
hydrogen-based fuel cells2,3, an immediate and effective CO2 mitigation can be pursued by the 41 
adoption of appropriate post combustion technologies. The use of porous solids for CO2 capture 42 
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is gaining crescent interest within the Carbon Capture and Storage (CCS) strategy aimed at a 43 
short-term reduction of CO2 industrial emissions. Currently, several techniques are applied for 44 
the separation and capture of CO2, which include amine-based absorption, membrane separation, 45 
cryogenic distillation and adsorption process4-6. An appropriate CO2 capture technology should 46 
be effective, low cost, environmentally benign and easily applicable. In this context, adsorption 47 
technology represents a promising solution, which can be easily implemented in existing power 48 
plants. Moreover, it is a well-established technique which can be adopted for the removal of 49 
different classes of pollutants from both gaseous and liquid streams, thanks to a high versatility 50 
and general low maintenance costs7-12. Although different classes of adsorbents are extensively 51 
investigated in the pertinent literature, the use of activated carbons (ACs) for CO2 capture has a 52 
great appeal thanks to their tuneable porous structure, a wide adsorption spectrum and relatively 53 
limited costs7,8,13,14. In addition, CO2 adsorption on ACs has been demonstrated to be a reversible 54 
process, hence CO2 recovery and AC regeneration can be simultaneously pursued by a 55 
desorption process15-18. 56 
Activated carbons can be manufactured starting from various carbonaceous precursors17,19-57 
21. In particular, lignocellulosic materials are characterized by general low-costs and abundant 58 
availability, which can allow a significant saving in adsorbent production and process 59 
management. Many efforts have been expended in the development of adsorbent materials from 60 
agricultural wastes21-25 and, specifically, to define the optimal textural as well as chemical 61 
properties to maximize CO2 capture
26-28. At the current state-of-the-art, there is a general 62 
accordance in the literature to consider the increase in CO2 adsorption capacity, under flue-gas 63 
simulated conditions (CO2 partial pressure typically lower than 0.15 bar), as closely related to a 64 
high total or micropore volume coupled with a narrower micropore size distribution shifted 65 
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towards ultramicropores13,26,29-31. In particular, Sun and co-workers29 elucidated the main 66 
functional dependencies by a dedicated statistical analysis applied to a large set of activated 67 
carbons, in which the correlation degree between CO2 adsorption capacity and textural properties 68 
was determined. Similarly, Yin and co-workers31 analysed a large number of experimental works 69 
present in the literature and concluded that the surface area of activated carbon is not the 70 
determining factor for CO2 adsorption, while ultramicropores have a significant influence. 71 
On the other side, Balsamo and co-workers32 pointed out that micropore diffusion is the 72 
limiting step of adsorption process carried out in fixed-bed column. Simultaneously, they 73 
highlighted the positive effect exerted by mesopores in the enhancement of CO2 adsorption rate, 74 
as already stated by different authors, which worked with volumetric (manometric) apparatuses 75 
operated in batch mode11,29. 76 
Despite the large number of studies focused on the determination of the correlations 77 
between activated carbon properties and CO2 capture performances, few studies are performed in 78 
simulated flue-gas streams15,17,29,32. In addition, the current literature is still lacking of thorough 79 
studies on CO2 adsorption onto activated carbons in dynamic conditions, as most of the 80 
experimental works are carried out in volumetric/gravimetric apparatuses. Even less studies are 81 
available in which the adsorption of CO2 is investigated simultaneously from simulated flue-gas, 82 
in dynamic systems, and as a function of the main operational parameters (e.g. gas temperature, 83 
CO2 concentration, etc.)
33-35. 84 
The goal of this work is an experimental analysis of CO2 adsorption onto activated carbons 85 
(AC), produced starting from olive stones, through a combined set of batch and dynamic tests. A 86 
microstructural characterization of the AC samples by N2 and CO2 adsorption was carried out 87 
aimed at assessing the contribution of mesopores, micropores and narrow micropores. Kinetic 88 
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and thermodynamic CO2 adsorption tests at different CO2 pressure and temperature were 89 
performed both in batch (glass-made manometric adsorption equipment operating with pure 90 
CO2) and in dynamic (a lab-scale fixed-bed column operating with CO2/N2 mixture) conditions, 91 
for a thorough comparison. The complementarity of batch and dynamic experiments was 92 
highlighted in order to pursue a correct determination of CO2 adsorption capacity and to assess 93 
the factors affecting the CO2 capture in operating conditions typical of a flue-gas (in terms of 94 
temperature and CO2 concentration). 95 
 96 
2. Materials and methods 97 
2.1. Activated carbon samples 98 
Three AC samples were synthesized starting from the same lignocellulosic precursor (i.e. olive 99 
stones) according to the procedure reported by Silvestre-Albero and co-workers36. A 100 
combination of chemical and physical activation processes was adopted which involved the 101 
impregnation with an aqueous solution of ZnCl2 at 358 K and a heat treatment under a N2 flow at 102 
773 K; this was followed by a physical activation performed with CO2 (100 cm
3 min-1) at 1098 K 103 
using different periods of time, i.e. 20, 40 and 60 h, which gave rise to the different labelled 104 
materials (i.e. AC20, AC40 and AC60, respectively).  105 
A particle size range 1.00-2.36 mm was selected for all the experimental runs by mechanical 106 
sieving. 107 
The textural properties of the synthesized AC samples were determined in a fully automated 108 
manometric equipment, the N2Gsorb-6 porosimeter (www.g2mtech.com). Adsorption isotherms 109 
of N2 and CO2 were obtained at 77 K and 273 K, respectively. Before each experiment, the 110 
samples were outgassed at 423 K for 4 h under vacuum (10-8 bar) in order to remove humidity. 111 
Page 6 of 29
ACS Paragon Plus Environment
Langmuir
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
6 
 
The main microstructural parameters of the AC samples were obtained from mathematical 112 
processing of N2 and CO2 adsorption isotherms according to the models commonly applied in the 113 
literature. In particular, the ‘‘apparent” surface area was obtained using the BET method. The 114 
micropore volume (Vo) was deduced from the N2 adsorption data using the Dubinin–115 
Raduskevitch (DR) equation, while the mesopore volume (Vmeso) was obtained as the difference 116 
between the total pore volume (Vt) adsorbed at P/P
0 ~ 0.95 and the micropore volume (Vo). The 117 
pore volume corresponding to the narrow microporosity (Vn) was obtained after application of 118 
the DR equation to the CO2 adsorption data at 273 K. 119 
 120 
2.2 Kinetic batch adsorption experiments 121 
Pure CO2 batch adsorption kinetics on the AC samples was carried out at 293 K in a glass-made 122 
manometric adsorption equipment developed by the Laboratorio de Materiales Avanzados group. 123 
Experimental runs were performed at two different initial CO2 pressures, namely 0.25 and 0.42 124 
bar and employing 0.2 g of each AC tested. The adsorption kinetics was determined from the 125 
pressure decrease in the pressure transducer with time. Prior to the adsorption experiment, the 126 
sample was degassed under vacuum (10-7 bar) at 423 K for 4 h.  127 
 128 
2.3. Dynamic adsorption experiments 129 
The dynamic adsorption runs were carried out in a lab-scale fixed-bed column (length=0.13 m; 130 
inner diameter=0.02 m) made up of Pyrex glass. The fixed bed temperature was controlled by 131 
means of cylindrical shell Watlow band heaters, enveloped in a thermal insulating layer of 132 
ceramic fibres, and connected to EZ-PM PID controllers (Watlow). 133 
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Two mass flow controllers (series El Flow Bronkhorst 201-CV) were used to generate a gas 134 
(N2+CO2) with 1-30% CO2 concentration. Gas volumetric flow rate variations, occurring in the 135 
fixed bed as a consequence of CO2 adsorption, were monitored by means of a mass flow meter 136 
series El Flow Bronkhorst 201-CV  placed at the exit of the adsorption column. 137 
A continuous NDIR (non-dispersive infrared) gas analyzer (AO2020 Uras 26 model provided by 138 
ABB) was adopted for the determination of CO2 concentration. Finally, data acquisition and 139 
elaboration were performed by interfacing the analyser with a PC unit via LabView™ software. 140 
Experimental tests in fixed-bed column were carried out by feeding the column, charged with a 141 
fixed adsorbent amount (i.e. 0.015 kg), with a 1.5 L min-1 gas stream (N2+CO2) at 293 K and 1 142 
atm total gas pressure. 143 
CO2 dynamic adsorption results were processed to obtain the corresponding adsorption 144 
isotherms. As known, the material balance on CO2 over the fixed-bed column leads to the 145 
determination of the equilibrium CO2 adsorbed amount, ωeq [mmol g
-1]: 146 
∫ 




ρ
=ω
eqt
0
in
2CO
out
2CO
2CO
2CO
in
2COeq dt
Q
)t(Q
-1
Mm
Q
                                                                                    (1) 147 
where 
2
in
COQ  and 2
out
COQ  are column inlet and outlet CO2 volumetric flow rates, respectively; m is the 148 
mass of adsorbent; ρCO2 [mg L
-1] represents CO2 density (evaluated at 293 K and 1 bar); MCO2 is 149 
its molecular weight [mg mmol-1]. 150 
A check on adsorption capacity was carried by desorption runs on spent AC samples. Pure N2 151 
was used as desorbing agent and the CO2 outlet concentration was monitored by means of the 152 
NDIR analyzer. The desorption profiles were elaborated to obtain the total specific amount of 153 
CO2 desorbed from the spent AC, ωdes [mmol g
-1], through a material balance, similar to Eq. (1): 154 
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∫
ρ
=ω
1.0t
0
out
2CO
2CO
2COdes dt)t(Q
Mm
                                                                                                    (2) 155 
in which t0.1 is the time required to complete the desorption process, assumed as the one 156 
corresponding to the NDIR low detection limit (0.1% CO2 by vol.). The maximum allowed 157 
discrepancy between ωeq and ωdes was set at 5 %. 158 
Further details about dynamic experimental apparatus and adsorption tests were reported in 159 
a previous work17. 160 
 161 
3. Results and discussion 162 
3.1. Activated carbon textural characterization 163 
The characterization of the textural properties of the AC samples included the realization 164 
of both N2 and CO2 adsorption isotherms at 77 K and 273 K respectively, in order to investigate 165 
all the dimensional ranges of AC porosity.  166 
The N2 adsorption isotherms, previously reported by Silvestre-Albero and co-workers
36, 167 
showed that all the AC samples are mainly microporous with a narrow knee at low relative 168 
pressure (Type I isotherms). Consequently, since it is generally accepted that CO2 adsorption 169 
occurs by a micropore filling mechanism28,37,38, pore size distribution (PSD) is expected to play a 170 
crucial role in determining CO2 adsorption performances of the investigated AC samples. 171 
In Figure 1, the PSD of all the AC samples, as derived from N2 adsorption isotherms by 172 
application of the QSDFT (Quenched Solid Density Functional Theory), are depicted. 173 
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Figure 1. Pore size distribution of AC20, AC40 and AC60 samples obtained by QSDFT 175 
method (slit-shape equilibrium model) applied to N2 adsorption isotherm at 77 K. 176 
 177 
As it can be observed, the AC20 sample has the narrower PSD, mostly included in the 178 
range of narrow micropores (pore diameter < 10 Å). Differently, AC40 and AC60 samples have 179 
lower narrow micropore contribution, with a distribution shifted towards micropores of higher 180 
dimensions. In addition, AC60 sample shows a somewhat higher contribution of mesopores with 181 
respect to AC40 and, more, to AC20. 182 
The analysis of the pertinent literature showed that microporous carbon materials with 183 
pores less than 1 nm are considered as the most suitable for CO2 capture at ambient temperature 184 
and pressure13,26,30,39. Hence, in order to deepen the investigation of smaller pore sizes and their 185 
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effect on CO2 adsorption, CO2 adsorption isotherms at 273 K were realized for all the AC 186 
samples and reported in Figure 2.  187 
P
CO2
eq
 , bar
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ω
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q
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 188 
Figure 2. CO2 adsorption isotherms at 273 K for AC20, AC40 and AC60 samples. The 189 
inset graph represent the magnification of the 0-0.3 bar region. 190 
 191 
All the AC samples exhibit the expected isotherm shape and the adsorption capacity 192 
monotonically increases with CO2 pressure and an asymptotic value is not reached in the 193 
investigated range. 194 
All the parameters deriving from N2 and CO2 porosimetric analyses commonly adopted to 195 
fully characterize the textural properties of the AC samples are reported in Table 1. 196 
 197 
 198 
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N2 adsorption, 77 K CO2 adsorption, 273 K 
Sample 
SBET 
(m
2
/g) 
Vo 
(cm
3
/g) 
Vmeso 
(cm
3
/g) 
Vt 
(cm
3
/g) 
Vn 
(cm
3
/g) 
AC20 1253 0.46 0.07 0.53 0.36 
AC40 1448 0.54 0.09 0.63 0.40 
AC60 1983 0.70 0.23 0.93 0.45 
 199 
Table 1. Textural parameters of AC20, AC40 and AC60 samples derived from N2 and CO2 200 
adsorption isotherms at 77 K and 273 K, respectively 201 
 202 
The application of the DR equation to N2 and CO2 isotherms allowed determining that a 203 
higher activation time resulted in both higher micropore (Vo) and narrow micropore (Vn) 204 
volumes, the increase of the former being more relevant. Coherently, also the BET surface area 205 
increased with the activation time, and the contribution of mesopores (Vmeso) became significant 206 
only for AC60 sample, as already deducted by PSD analysis. A comparative analysis of the data 207 
reported in Table 1 shows that AC60 has the highest micropore volume (Vo), but AC20 has the 208 
highest fraction of narrower micropore (calculated as Vn/Vt ratio), as previously observed in 209 
Figure 1. Moreover, it can be stated that the activation treatment with CO2 determines the 210 
opening of new micropores coupled with the broadening of the porosity, as testified by the 211 
increasing difference between micropores (Vo) and narrow micropores (Vn) as a consequence of 212 
a higher burn-off with activation time13,36. 213 
The results obtained so far would drive to the conclusion that AC60 is the most suitable 214 
sample for CO2 adsorption. In fact, a higher micropore and narrow micropore contribution is 215 
commonly believed as a condition for the individuation of the sorbent with highest CO2 216 
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adsorption capacity (ωeq). As a matter of fact, this result is always verified as long as CO2 217 
pressure assumes values equal to 1 bar13,19,26,30,31. Coherently, data reported in Figure 2 confirms 218 
that for a CO2 pressure of 1 bar a monotonic ranking ωeq(AC60)>ωeq(AC40)>ωeq(AC20) exists. 219 
However, it is interesting to observe that for a CO2 pressure < 0.3 bar, the ranking is almost 220 
inverted and becomes ωeq(AC20)≈ωeq(AC40)>ωeq(AC60). This result suggests a different 221 
energetic distribution of the active sites of the different AC samples, which favours the 222 
adsorption capacity of AC20 and AC60 for low and high CO2 pressure, respectively. An overall 223 
analysis of the experimental results so far presented can be made following the Dubinin’s 224 
micropore filling theory. The high adsorption potential determined in narrow micropores, which 225 
are mostly abundant in AC20 (cf. Figure 1) allows a more effective packing of CO2 molecules 226 
even at low adsorbate partial pressures, thus explaining the higher CO2 adsorption capacity of 227 
AC20 at low CO2 pressures
13,32,39. The AC40 and AC60 samples show an almost similar 228 
contribution of smaller micropores, even if the AC60 sample presents a sensibly higher 229 
contribution of wider micropores and mesopores (as confirmed by data reported in Table 1), 230 
these pores being favourably filled only at higher CO2 partial pressures because of their lower 231 
adsorption potential39,40. On the basis of the reported PSD and from CO2 adsorption data at 273 232 
K (Figure 1), it can be deducted that the wider pores provide a higher contribution to CO2 233 
adsorption above a stated crucial value of CO2 pressure. 234 
These results assume an even greater importance when dealing with CO2 capture from flue gas, 235 
in which CO2 concentration is always largely lower than 30%. However, in this step, the 236 
analytical tests were performed in the fully automated manometric apparatus (cf. Section 2.1.) 237 
with pure CO2 at different pressure and at 273 K. Hence, in order to go into the effect of 238 
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temperature and CO2 partial pressure further investigations were carried out in different 239 
experimental conditions and reported in the following sections. 240 
 241 
3.2. CO2 adsorption kinetics in batch system 242 
In order to extend the field of investigation of CO2 adsorption onto the synthesized AC 243 
samples, new experimental runs were carried out at 293 K in a manometric apparatus. To this 244 
aim, kinetic batch tests were realized with pure CO2 and for two different initial CO2 pressure (245 
2
0
COP ) levels, namely 0.25 and 0.42 bar. The results are depicted in Figure 3A and 3B, 246 
respectively. It is worth to observe that the batch character of these tests leads to a variable CO2 247 
final equilibrium pressure which depends mainly on CO2 equilibrium adsorption capacity, but 248 
also on slight variations in the initial pressure and in the mass of the adsorbent charged into the 249 
apparatus. Hence, for the sake of completeness, in Figure 3A-3B, the CO2 equilibrium pressure (250 
eq
COP 2 ) was reported for each experimental run. 251 
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Figure 3. Pure CO2 batch adsorption tests on AC samples at (A) 
2
0
COP = 0.25 and (B) 2
0
COP = 254 
0.42 bar. T= 293 K; adsorbent dose: 0.2±0.01 g 255 
 256 
From Figure 3 it can be observed that, for both the CO2 initial pressures investigated, CO2 257 
adsorption rate is higher for AC60, as testified by the lowest time taken to reach the final 258 
equilibrium adsorption capacity; on the other hand, differences between AC20 and AC40 are 259 
very slight. In Table 2, the equilibrium times (teq), as derived from experiments reported in 260 
Figure 3, are summarized: 261 
 262 
 
AC20 AC40 AC60 
teq (
2
0
COP =0.25 bar), s 210 180 90 
teq (
2
0
COP =0.42 bar), s 420 360 180 
 263 
Table 2. Comparison between equilibrium time (teq) values obtained from batch adsorption 264 
tests for AC20, AC40 and AC60 at different CO2 initial pressure (
2
0
COP ) 265 
 266 
These results reflect the mesopore content of the AC samples, highest for AC60 and 267 
comparable for AC40 and AC20, which is commonly believed to exert a significant influence on 268 
CO2 adsorption rate
13,32. Moreover, the experimental results clearly demonstrate that in both the 269 
investigated experimental conditions AC60 has the lowest adsorption capacity while AC20 270 
displays comparable (Figure 3A) or slightly better (Figure 3B) CO2 removal performances at 271 
equilibrium, with respect to AC40. However, a rigorous analysis should take into account also 272 
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the differences in equilibrium pressure, which allows considering AC20 favoured with respect to 273 
AC40 also at lowest equilibrium pressure (Figure 3A). Hence, for the two tests conducted at CO2 274 
partial pressure <0.3 bar and T=293 K the new ranking of adsorption capacity is 275 
ωeq(AC20)>ωeq(AC40)>ωeq(AC60). A comparison with the adsorption isotherm at T=273 K 276 
(Figure 2), equally realized with pure CO2, confirms the exothermic character of CO2 adsorption 277 
(as expected the amount adsorbed is lower at 293 K for all samples) but leads to a further 278 
important conclusion. An increase in temperature determines a reduction of the pore size 279 
diameter active towards CO2 adsorption; in fact, at 293 K, the AC20 sample shows the highest 280 
difference in adsorption capacity with respect to AC40 and AC60 whereas these differences 281 
decrease at 273 K. This result is consistent with the experimental findings reported by Zhang and 282 
co-workers41 which observed that at higher temperature stronger adsorption potentials, as those 283 
related with pore of smaller dimension, are required to avoid the adsorbate escaping from pores 284 
(due to their higher kinetic energy). It can be concluded that narrow micropores play a more 285 
relevant role at 293 K, with respect to 273 K, and low CO2 pressures in determining higher 286 
pollutant capture performances for AC20 sorbent. 287 
 288 
3.3. CO2 adsorption in dynamic system 289 
The above experimental results highlighted the substantial effect of temperature and CO2 290 
pressure on adsorption capacity of the investigated series of AC. In particular, the inversion of 291 
performance ranking observed for a pressure < 0.3 bar drives to further investigations in this 292 
range of pressures, which is consider of great interest because it includes those typical of a post-293 
combustion CO2 capture treatment. The new experimental runs were performed at T= 293 K in a 294 
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dynamic system represented by a fixed-bed column, in which a model flue-gas composed by 295 
CO2+N2 was fed. 296 
The breakthrough profiles of CO2 on AC20, AC40 and AC60 obtained at different CO2 297 
concentration in the feed (range 1-15% by vol.) are depicted in Figures 4 (A)-(H). 298 
 299 
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Figure 4. Breakthrough curves of CO2 adsorption on AC20, AC40 and AC60 at different 301 
CO2 concentration in the feed (balance N2). A) 1%; B) 3%; C) 5%; D) 7%; E) 9 %; F) 11%; G) 302 
13%; H) 15%. T= 293 K, P=1 bar. 303 
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The analysis of the dynamic adsorption patterns reveals that for all the investigated CO2 304 
concentrations, AC60 shows the steeper curves and, hence, a faster CO2 adsorption. This result is 305 
consistent with the results derived from the batch tests carried out in the manometric apparatus 306 
and can be ascribed to the wider pore dimension in the PSD of this sample (cf. Figure 2 and 307 
Table 1). In addition, the kinetic adsorption profiles of AC40 and AC60 sorbents practically 308 
overlap up to Q
 t
/Q
  ≈ 0.1, while a general smaller slope of the sigmoid is observed for 309 
AC20, likely due to a higher narrow micropore contribution. Moreover, for all the AC samples, 310 
an increase in CO2 concentration fed to the column results in steeper breakthrough curves, 311 
possibly related to faster mass transfer phenomena taking place at higher driving force32,42. 312 
The differences in mass transfer rates can be better evaluated by introducing a time parameter 313 
∆τ=t0.7−t0.1 (with t0.1 and t0.7 being the time for which Q
 t
/Q
 =0.1 and 0.7, respectively) 314 
which is related to the slope of the linear part of the sigmoid: the smaller this parameter the 315 
steeper the breakthrough curve and consequently the faster the adsorption kinetics. The values of 316 
∆τ derived from the kinetic patterns for AC 20, 40 and 60 are listed in Table 3. 317 
  318 
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AC20 AC40 AC60 
∆τ (CO2:1%), s 77 64 40 
∆τ (CO2:3%), s 60 49 33 
∆τ (CO2:5%), s 47 40 26 
∆τ (CO2:7%), s 41 36 23 
∆τ (CO2:9%), s 35 30 21 
∆τ (CO2:11%), s 31 28 19 
∆τ (CO2:13%), s 28 26 16 
∆τ (CO2:15%), s 25 24 15 
 319 
Table 3. Comparison between ∆τ values obtained from dynamic adsorption tests for AC20, 320 
AC40 and AC60 at different CO2 concentration in the feed 321 
 322 
Results confirm a significantly faster adsorption for AC60 for all CO2 concentrations, 323 
while they allow highlighting that the differences between AC20 and AC40 tend to reduce when 324 
the CO2 initial concentration increases and become negligible when it approaches the maximum 325 
investigated value (15%). For example, at 15% CO2 in the feed, ∆τ = 15, 24 and 25 s for AC 60, 326 
40 and 20 respectively. Even if the kinetic differences between AC20 and AC40 are not so 327 
marked, particularly at higher pollutant concentration, the CO2 capture process is generally 328 
slightly slower for AC20, if the time needed to reach equilibrium is considered. This result fully 329 
confirms the outcomes derived from the batch kinetic tests (Figure 3) and it testifies the perfect 330 
integration between these two analytical tests in the analysis of CO2 adsorption on AC samples. 331 
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Further indications about the kinetic can be drawn out from the evaluation of the 332 
breakpoint times tb, defined as the time for which Q
 t
/Q
 =0.05. The highest values shown 333 
by AC20, coupled with a more gentle slope, proves that in the investigated experimental 334 
conditions, this sample has the highest CO2 adsorption capacity, as discussed in the following. 335 
The experimental data obtained on the dynamic apparatus were processed according to Eq. 336 
(1), in order to obtain useful thermodynamic indications about the behaviour of AC samples in 337 
the investigated conditions. Figure 5 depicts the adsorption isotherms obtained at 293 K in terms 338 
of molar equilibrium adsorption capacity as a function of CO2 equilibrium partial pressure
eq
COP 2 . 339 
P
CO2
eq
, bar
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ω
e
q
, 
m
m
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l 
g
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 340 
Figure 5. CO2 adsorption isotherms on AC20, AC40 and AC60 as a function of CO2 341 
partial pressure (balance N2). T=293 K and P=1 bar. 342 
 343 
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Experimental data clearly show that, in all the range of the investigated CO2 partial pressure, 344 
the ranking of adsorption capacity is ωeq(AC20)>ωeq(AC40)>ωeq(AC60). In particular, for a 345 
typical flue gas composition (i.e. CO2 partial pressure ~ 0.15 bar) the adsorption capacity 346 
resulted to be 0.855, 0.806 and 0.758 mmol g-1, respectively for AC20, AC40 and AC60. The 347 
experimental error of this series of data is always included in a ± 5% range, so that the observed 348 
ranking cannot be altered. It is worth to observe that the ranking is confirmed also in an extended 349 
range of CO2 partial pressure (with respect to data reported in Figure 4). More interestingly, this 350 
extension allowed to compare the data obtained in the dynamic apparatus with the homologous 351 
data obtained in the batch apparatus, whose results were previously reported in Figures 3. To this 352 
aim, CO2 equilibrium adsorption data as derived from batch tests were also included in Figure 5. 353 
A very good matching can be observed in terms of CO2 adsorption capacity ranking, even if the 354 
different experimental conditions adopted for the two series of data did not allow a punctual 355 
comparison. Notwithstanding, it can be asserted with great confidence that the adsorption of N2 356 
on the synthesized AC samples can be considered as negligible. In fact, for each AC sample, 357 
pure CO2 adsorption data (batch series) and CO2+N2 adsorption data (dynamic series) almost lies 358 
on the same adsorption isotherm. This result has very important implications in terms of practical 359 
utilization of these AC samples in a post combustion treatment of a real flue gas, since the 360 
competition of N2 could seriously diminish CO2 adsorption, affecting the efficiency of the 361 
process. However, it has to be underlined that typical flue-gas compositions include the presence 362 
of water, NOx, SOx and other contaminants which, despite of their low concentrations, can 363 
significantly influence CO2 adsorption. Summarizing the considerations drawn from batch and 364 
dynamic adsorption tests at 293 K, it can be asserted that fixed bed experiments allow an 365 
accurate and simultaneous evaluation of both thermodynamic capture capacity and of the 366 
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dynamic response of the gas-solid system, with associated time-saving advantages for the proper 367 
selection of an activated carbon able to remove CO2 from flue-gas under low operating pressure 368 
(<0.15 bar). Contextually, data from Figure 4 permit to consider AC20 as a better sorbent for 369 
practical application in large-scale adsorption unit aimed at mitigating CO2-deriving global 370 
warming effect because, despite its slower adsorption kinetics, it showed a higher equilibrium 371 
adsorption capacity and a greater breakpoint time, hence it allows keeping CO2 concentration at 372 
a lower level for higher operating time with respect to AC40 and AC60 sorbents. 373 
Finally, an overall evaluation of the experimental results obtained in this work drives to the 374 
conclusion that the ranking observed in terms of CO2 equilibrium adsorption capacity at 293 K 375 
(Figure 5) is not in line with the ranking observed for micropore and narrow micropore volumes 376 
(Table 1), for which AC60 results favoured. However, this evidence, apparently in contrast with 377 
the results reported in the literature on similar experimentations , must be evaluated together with 378 
the particular porous structure of the AC samples, which determines a combined dependence of 379 
CO2 adsorption capacity both on CO2 partial pressure and temperature. In fact, the determination 380 
of narrow micropore volume from CO2 adsorption isotherm at 273 K (Figure 1) is made by 381 
considering the cumulative contribution corresponding to the entire CO2 pressure range (0-1 382 
bar). In these conditions, AC60 showed the highest CO2 capture performances and, coherently, 383 
the highest narrow micropore volume. Conversely, until a CO2 partial pressure <0.3 bar, AC20 384 
showed the highest CO2 adsorption capacity, also confirmed by experimental data realized at 293 385 
K (Figure 3 and 5). Hence greater energetic interactions are determined by a higher adsorption 386 
potential, likely due to a narrower PSD shifted to narrow micropores. It is interesting to remark 387 
that these results were confirmed by comparing batch and dynamic data, realized in different 388 
experimental devices. Therefore, this work allowed determining the importance of a combined 389 
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application of different techniques (i.e. batch and dynamic tests) for a thorough comprehension 390 
of CO2 adsorption on activated carbons and, in particular, for its practical application to the 391 
treatment of a flue gas in its typical conditions of temperature, pressure and CO2 concentration. 392 
 393 
4. Conclusions 394 
The assessment of CO2 adsorption capacity on a series of three different activated carbons, 395 
obtained from olives stones by physical and chemical activation at three different times i.e. 20, 396 
40 and 60 hours, was experimentally carried out by a combination of batch and dynamic tests. 397 
Preliminarily, a textural characterization of the samples (named AC20, AC40 and AC60) 398 
showed a monotonic increase of both the micropore and ultramicropore volume with the 399 
activation time, even if for CO2 partial pressure lower than 0.3 bar the ranking for CO2 400 
adsorption capacity at 273 K is inverse, i.e. ωeq(AC20)>ωeq(AC40)>ωeq(AC60). In order to 401 
deeper investigate the relationship between textural properties and CO2 capture performances, 402 
kinetic and thermodynamic CO2 adsorption tests were carried out at 293 K both in a batch 403 
apparatus (pure CO2 tests) and in a dynamic apparatus, represented by a lab-scale fixed-bed 404 
column (CO2+N2 tests). In both the series of experiments, a very good agreement between 405 
homologous experimental results was observed, which allowed considering as negligible N2 406 
adsorption on all the AC samples. For CO2 pressure <0.3 bar, the AC60 showed the lowest 407 
adsorption capacity but the fastest mass transfer phenomena, likely due to a remarkable greater 408 
contribution of mesopores and a wider micropore size distribution. Conversely, the AC20 sample 409 
exhibited the highest CO2 adsorption capacity likely due to a greater contribution of smaller 410 
pores in the ultramicropore range. Interestingly, the ranking of CO2 adsorption capacity in 411 
experimental conditions typical of a flue gas resulted to be ωeq(AC20)>ωeq(AC40)>ωeq(AC60). 412 
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This ranking does not reflect the ranking observed in terms of ultramicropore volume 413 
(Vn(AC60)> Vn (AC40)> Vn (AC20)) determined by pure CO2 isotherm at 273 K, but it is 414 
coherent with the adsorption capacity displayed by all the AC samples at 273 K in 415 
correspondence of a CO2 pressure < 0.3 bar. Finally, this result highlights the importance of a 416 
deeper analysis of adsorption data for the determination of the factor affecting CO2 adsorption 417 
performances. The different pore size distributions of the AC samples and in particular the 418 
higher contribution of ultramicropores observed for AC20 sample play a major role in 419 
determining a stronger interaction energy with CO2 molecules at higher temperature and lower 420 
CO2 partial pressure.  421 
 422 
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